Effective electron-electron interactions are investigated in chain molecules with substituents. The 'system under consideration is divided into two parts: the main chain called the spine and the substituents which are side chains in our case. In estimating the effective electronelectron interaction in the spine, the polarization effects arising from the spine and the side chains are both taken into account. The resultant formula, thus, is rather general, so that the current treatments are reproduced as special ones. A few examples are treated numerical,ly. Results indicate that Little's idea, namely the room temperature organic superconductor is unlikely from the viewpoint of the effective interaction. § I. Introduction
The electronic correlation effect has been a central problem in quantum chemistry. The traditional way of doing this is to use the configuration interaction method. A recent approach to this problem is to use the many-body theory in various studies. Hubbard 1 l discussed the Mott transition in solid due to the electronic correlation, the excitonic phase should be expected in some solids and molecules as a correlation effect,2l and the superconducting phase in organic molecule might exist due to the electronic correlation. 8 
l
The last problem is famous as Little's proposal. He considered a molecules consisting of two parts: a long chain called the spine in which electrons :fill various levels and might or might not be a conducting system, and secondly a series of atoms or side chains attached to the spine. He assumed that the spine was a conjugated chain of double and single bonds resonating between the two at each link. This corresponds, in the band theory of metal, to a band which is half :filled and ideally is a metallic conductor. The individual side-chain molecules were chosen so as to have a low-lying excited state such that transition from the ground state to its excited state corresponds classically to an oscillation of charge from end to end of the molecule. This can. provide an interaction between the electrons moving in the spine. If the interaction is sufficiently attractive, we have a necessary condition that the superconducting state results. Considering a particular example, that is, the spine having a sort of dye molecule as side chain, he obtained, in the light of the BCS theory of superconductivity, a extremely high critical temperature to be 2200°K.
Later, Little's calculation was critisized by Paulus 4 l at the two points:
(1) Little used the screened Coulomb interaction for the electron-electron interaction in the unsaturated spine, but this is not the case. Attractive coupling of two electrons in the spine, if it occurs, results when one of them polarizes the charge distribution in a side chain and then the second one is attracted to the resulting excess of positive charge near the spine. However, since this polarization is an electronic effect, the distorted charge distribution will relax very rapidly back to the undistorted one, so that the second electron must be very close, in both space and time, to the first one in order to feel any appreciable effect due to the distortion. The spine electron will move at velocities comparable to those of the substituent electrons, so that there will be no time to screen the Coulomb repulsion of the two spine electrons before the distortion in the side chain charge distribution disappears !!gain.
(2) ··Little used two opposite point charges at the ends of each side chain in order to represent its polarized distribution. This is a large over-estimation of the effective polarization and of the consequent coupling between the spine electrons.
Paulus concluded that it is unlikely that any substituent can be found which provides sufficient coupling between the spine electrons to make overall interaction attractive.
As to the second point, Salem 5 l pointed out that it was possible, at least in principle, to build a side chain molecule in which the transition density was effectively localized at the ends of the molecule; in other words Little's estimate would be reasonable. Further he has shown that, due to the resulting large coupling, the superconducting state will be possible, if other conditions are met.
The aim of the present work is to summarize these treatments through a more general investigation in· which the effective electron-electron interaction is studied in more detail. § 2. General theory f..s is well known, 6 l the effective electron-electron interaction, V(r~, r 2, (J)), satisfies the following integral equation, ,VCr~, r2, (J)) = Vo(lrl-r21) + S S drdr'Vo(irl-ri).n(r, r', (J)) V(r', r2, (J)), (1) where V0 (jrl-r21) is the bare potential and n(r, r', (J)) is the frequency-dependent polarization part or the irreducible particle-hole propagator. This equation is usually represented diagrammatically as
In this diagram, the shaded line represents V(r1, r 2, w), the dotted line does Vo (I r1-rl), and the black bubble corresponds to the irreducible particle-hole propagator. The interaction represented by (1') shows that the effective potential is a sum of all diagra~s which begin and end with a simple interaction line.
Although (1) is written as an integral form, -it turns out that, in our case as described by the LCAO method, it actually becomes a set of linear algebraic equations. The reason follows from the fact that, in our treatment, the single particle functions are vectors of order N describing the amplitudes at N number of atomic sites and that the interaction is an Nx N matrix representing the interaction between atomic orbitals concentrated around the atomic sites. Hence all the coordinates assume N discreet values, so that the equation may be written as n,m or in the matrix form
We consider the system which consists of two parts : one is the long spine and the other is the side chains. We introduce the projection operators P and Q: P projects out the spine part and Q the side chains. (4) from which the Dyson equation (3) is formally written as
Thus it follows that
PVP=PVoP+PV0 (P+Q) (P+Q)n(P+Q) (P+Q) VP ' l PVQ=PV 0Q +PV0 (P+Q) (P+Q)n(P+Q) (P+Q) VQ
and equations with the interchange P~Q . (6) Here, assuming that the side chains do not resonate effectively with the spine, or the former is linked with the latter by the single bonds, we are allowed to write the polarization part 1! only by PnP and QnQ. . Thus, (6) reduces to PVP=PV0P+PV0PPnPPVP+PV0QQ nQQVP ' l PVQ = PV0Q + PV0PPnPPVP + PV0QQnQQ VQ and equations with interchange, P~Q . (7) The effective interaction between two electrons in the spine, PVP, now can be obtained by solving the coupled equations (7), exactly as 
This equation is illustrated diagrammatically:
If we define the combined interaction
the effective interaction is written as
This diagram has the same structur~ as that in the electron-phonon system. 7 l
The equations obtained by Little and by Paulus are derived from (8) as approximated ones: If we take, in' the square brackets of (8) , terms up to the 1-st order with respect to n, we obtain Little's result,
and further, putting PnP=O, Paulus's result,
PVP=PVoP+PV0QQnQQV0P.
(13) § 3. Polarizability
The polarization diagram is a sum of all irreducible particle-hole diagrams:.
-iTT==.
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However, m the present treatment, we approximate as
which is the lowest-order one of n. where eia is the energy difference between the hole (occupied) level and the particle (unoccupied) level, and C,i> for example, is the LCAO coefficient of the s-th atomic orbital at the particle level i. Equation (16) In our numerical calculation, only the static limit is employed. § 4. Best choice of the side chain As mentioned in § 1, Salem 5 l pointed out, using .a special example, that one can theoretically make a suitable chain having the transition amplitude localized at both ends of the chain, so that the interaction between spine and chain is as strong as possible. His idea is as follows: Consider the alternant hydrocarbon of seven members and of eight electrons. Orbitals from the first to the fourth are doubly occupied, and others are vacant. The fourth orbital is just a nonbonding orbital in the approximation of Hiickel or Pariser-Parr-Pople, hence the LCAO coefficients of the even-numbered sites (un-starred atoms) are zero. Considering that the transition from the fourth to the fifth level contributes mostly to Qn0Q, one substitutes suitable substituents at uncstarred atoms to make, as a resultant effect, the LCAO coefficients of the fifth level being zero at 'the oddnumbered sites (starred atoms) except at both ends. Thus, the _fourth level is entirely out of phase to the fifth, and the transition amplitude should be localized at the ends of the chain.
We will formulate this procedure by use of the elementary perturbation method, a little more general but less accurate than Salem has done.
Substituent effect at un-starred atoms, written as
• changes the lowest vacant level, to be li')=li)+ I:; ln)(niH'Ii)/Sin we obtain
n s where the relation (22) 1s used.
Next, we take the inner product of both sides of (21) 
n .s
where it should be mentioned that the indices s and t refer to the un-starred and starred atoms, respectively. It is elegant to use the partial bond orders which are obtained by multiplying C" on both sides of (23). The resultant formula is written in the matrix form
where Kts,,=Pts,i :E Pts,nje,n, P,,,i=C,iCsi.
n Using these new a's, but without changing {l's for simplicity, we build up new molecular orbitals and corresponding orbital energies. In this way, the transition amplitude from the highest occupied orbital to the lowest vacant orbital is · considerably localized at ends of the chain. § 5. Numerical calculations
Calculations have been performed for the following systems, employing the static polarizabilities. As an example of cyclic system, benzene with three side chains (Fig. 1a) is taken, while as a chain molecule octafetraene with four side chains (Fig. 1b) is taken. In the latter, for the facility of computation, substituents are assumed to locate at the midpoints of bonds. Recalling that the side chain does not effectively resonate with the spine but plays as a static potential, we infer that the above fictitious structure is not far from the real one. It is also mentioned that the side chain, in our calculation, is always heptatriene negative ion, that is, the seven-menbered, eight electron system. The third system is an infinite polyene with the same structure as the second (Fig. 1c) . In this case, no in (17) which corresponds to the finite system, is replaced by the one for the Fig. 1 . Systems for numerical calculation Long squares represent side chains which, in the present treatment, are heptatriene nega· tive ions, i. e., the seven-membered, eight electron molecules. However, at the second step of calculation, these are changed into new ones of similar structures and of effect to have the transition amplitudes located as large as at ends of molecules.
In system (b), the spine is octatetraene with four side chains which are assumed to substitute at midpoints of bonds. System (c) is an infinite one composed of system (b). Table I . Effective interaction matrices in benzene with three side chains (Case of Fig. 1 (a)), in e V units. Table II . Effective interaction matrices in octatetraene with four-side chains (Case of Fig.  1(b) ), in eV units.
( Table III . Effective interaction matrices in infinite polyene with side chains (Case of Fig.  1(c) ), in eV units.
(i) Bare interactions are of same values with those in Table II. (ii) Paulus In treating the side chain in every case, procedures are as follows: First we adopt the heptatriene negative ion consisting of seven carbon atoms and eight rr-electrons, just' as Salem did. For systems with these side chains, every calculation is performed to obtain the effective interactions. After that, the best choice of side chains is carried out by means of the method prescribed in the previous section, then entirely the same calculations are again performed.
It is to be noted that, since any side chain is assumed not to resonate with the spine and other side chains, QrroQ is decomposed into submatrices, each belonging to. a single side chain.
Throughout this work it is assumed that {3= -2. 
for the bare electron-electron interaction. We take this parametrization, 9 l without any discussion, as a standard reference to which the effective interactions will be compared.
The results are tabulated in Tables I~III. They correspond 12)) and of the present work (Eq. (8)), respectively. In the latter three, the first line corresponds to the case that the " side chain is a simple hydrocarbon, and the second line to the case of the best chosen side chain. § 6. Results and discussion Our simplified calculations, under various approximations, seem to give qualitative or semi-quantitative characters of the effective electron-electron interaction in the many-electron system. In spite of differences in approximation steps, three treatments, ·namely Paulus's, Little's and the present one show almost the same qualitative behaviour. As was pointed out by Little, 6 l the effective interaction is extraordinarily different from the bare interaction in its appearance; it is not a function of [r-r'l but a (even) function of r and r', and has a oscillatory character which is well known in metal theory. 10 l Some discussions are needed in connection with the results in Table III . Our model, in this case, is. a prototype of the infinite system but not a real infinite system. ·If it were the real one, since every carbon atom should be equivalent, the diagonal terms of the effective interaction matrix had to give the same values. That it is not the case is due to the ed,ge effect which inevitably survives in our calculation. Therefore we may say !hat central parts of the interaction matrix, i.e., values of the third and fourth rows are close to those of the real infinite system, while the others are only for· reference.
From the viewpoint of the possibility of the organic superconductor, the sign of the interaction is essential. Among the three treatments, Little's is the most favourable for superconducting. By consulting with Table III , even in the spine with ordinary side chains, almost all interactions show negative signs, which indicate attractive interactions between electrons, and in the case of the best chosen side chains the attractive interactions show a further increase. Such behaviour has been already investigated by Salem. 5 l Our treatment, which seemed to be the highest degree of approximation, does not give the negative sign. Thus we are inclined to conclude that, at this stage, the organic superconductor is unlikely to occur.
We should like to add a discussion on Paulus's criticism on Little's treatment.
To repeat his opinion presented in § 1, it is that, in a metal or metal-like substance, an electron is in the neighborhood of one particular ion, as is easily estimated, for less than IQ-15 sec, which is too short to give effect in polarizing the spine. However, the screening effect arises from excitations as shown in (17). The life times of these excited levels are considered to be much longer than 10-15 sec. Little has investigated, in his recent paper,I 1 J the effect of the bandwidth of the lower excited states which dominantly contribute to polarization. If the bandwidth effect is taken into account in the present treatment, it would be followed that the possibility of the superconducting state is less likely. The bandwidth effect and the consideration of the dynamic polarization are future problems in the course of our treatment.
